Introduction {#sec1-2331216518821449}
============

Sound therapy is only partially effective in tinnitus treatment because acoustic stimulation cannot activate the deafferented auditory nerve fibers that may be the root cause of tinnitus generation. On the other extreme, cochlear implants directly stimulate the auditory nerve and have been shown to suppress tinnitus, but their invasiveness and risk of permanent damage to acoustic hearing make them unsuitable to most tinnitus sufferers who have significant residual or even normal hearing. Noninvasive transcranial or minimally invasive transtympanic electric stimulation may offer a desirable treatment option because it can activate the detached nerve while posing minimal risk of damaging hearing ([@bibr43-2331216518821449]). Although this form of electric stimulation has been used to treat tinnitus for more than 200 years (e.g., [@bibr1-2331216518821449]), no protocols or devices have been widely accepted by the scientific community or clinically approved by the U.S. Food and Drug Administration at present. While other factors are likely involved, the following four factors have significantly contributed to the lack of progress in translating electric stimulation for tinnitus treatment.

First, there is no clear and unified scientific rationale to guide technological development. For example, decreasing spontaneous activity in the auditory nerve was the goal for tinnitus treatment based on a noise-induced tinnitus model ([@bibr6-2331216518821449]; [@bibr21-2331216518821449]; [@bibr23-2331216518821449]). In contrast, increasing spontaneous activity in the auditory nerve was the goal for tinnitus treatment in a deafferented cochlear model ([@bibr28-2331216518821449]; [@bibr29-2331216518821449]). Both theories may be right insofar as they represent different types of tinnitus or reflect different time courses during tinnitus development, but they require divergent technical specifications; for example, direct current (DC: 0 Hz) stimulation for decreasing spontaneous activity and high-frequency (5000 Hz) stimulation for increasing spontaneous activity.

Second, safety is an important concern in electric stimulation for tinnitus. Several human studies used either ear canal or transcranial DC electric stimulation for tinnitus treatment ([@bibr1-2331216518821449]; [@bibr15-2331216518821449]; [@bibr21-2331216518821449]; [@bibr31-2331216518821449]). Although these studies showed significant tinnitus reduction, concerns about the long-term safety of charge-imbalanced DC stimulation have prevented its clinical application, especially in patients with significant residual or normal hearing ([@bibr3-2331216518821449]; [@bibr5-2331216518821449]; [@bibr13-2331216518821449]).

Third, electric stimulation is not optimized to achieve the greatest efficacy for tinnitus treatment. For example, charge-balanced alternating-current stimulation is safe and has been shown to suppress tinnitus in about 50% of patients ([@bibr11-2331216518821449]; [@bibr17-2331216518821449]; [@bibr25-2331216518821449]; [@bibr28-2331216518821449]; [@bibr32-2331216518821449]; [@bibr38-2331216518821449]). However, these previous studies showed a wide range of stimulus parameters used for tinnitus suppression, with occasionally contradictory suggestions. [@bibr11-2331216518821449] favored low frequencies (\<100 Hz), [@bibr28-2331216518821449] advocated for a high-frequency (4800 Hz) pulse train, while [@bibr32-2331216518821449] used amplitude-modulated sinusoids. The level of stimulation ranged from below audibility threshold ([@bibr32-2331216518821449]) to a 2-mA hardware limit ([@bibr25-2331216518821449]). The duration of stimulation ranged from minutes ([@bibr28-2331216518821449]) to days ([@bibr32-2331216518821449]). Although alternating-current stimulation is safe, its clinical application requires a narrowing of this parameter space toward optimized stimulation strategies.

Finally, practicality is a significant limiting factor. There is not a single electric stimulator that is specifically designed and commercially available to meet the need for tinnitus treatment. Previous studies either used stimulators for pain management (e.g., [@bibr38-2331216518821449]) or customized equipment for research purposes only (e.g., [@bibr11-2331216518821449]; [@bibr32-2331216518821449]). In addition, stable electrode contact is difficult with either tympanic or transtympanic stimulation (e.g., [@bibr17-2331216518821449]; [@bibr25-2331216518821449]). Although commercially available cochlear implants have been modified for tinnitus treatment ([@bibr11-2331216518821449]; [@bibr28-2331216518821449]; [@bibr42-2331216518821449]), the invasive nature and the likelihood of damaging hearing limit their clinical utility because, after all, most tinnitus sufferers have significant residual or even normal hearing.

The long-term goal of the present study is to identify safe and effective modes of electric stimulation and to develop a commercially viable medical device for tinnitus treatment. The short-term goal is to explore both noninvasive and minimally invasive electric stimulation for tinnitus treatment, with a focus on experimental design and feasibility. The scientific premise is based on the deafferentation tinnitus model ([@bibr27-2331216518821449]; [@bibr30-2331216518821449]; [@bibr40-2331216518821449]), in which detached auditory nerve fibers cannot be activated by acoustic stimulation but only by electric stimulation. The practical consideration is that non- and minimally invasive electric stimulation provides a natural bridge between sound therapy and cochlear implants or other forms of invasive electric stimulation.

Methods {#sec2-2331216518821449}
=======

Subjects {#sec3-2331216518821449}
--------

A total of 10 adults who had chronic tinnitus (≥6 months) participated in the present study. All subjects provided informed consent for their participation, following a human subject protocol approved by the institutional review board of the University of California, Irvine. The study is currently registered as a human clinical trial with the U.S. Food and Drug Administration (NCT03511807). [Table 1](#table1-2331216518821449){ref-type="table"} displays demographic information for these tinnitus subjects. Table 1.Tinnitus Subject Information.SubjectAge (Years)GenderAudiogramTinnitusSeverityMatchT148FemaleDeaf in RE, residual hearing (\<1000 Hz) in LEBilateral (RE \> LE), multitonal44\*NAT256MaleNormal hearingUnilateral (RE), tonalNA700-Hz toneT367MaleSymmetrical, sloping hearing lossBilateral, tonal67\*11,530-Hz toneT467FemaleSymmetrical, sloping hearing lossBilateral (RE \> LE), tonal125686-Hz toneT571MaleSymmetrical, sloping hearing lossBilateral (RE \< LE), noisy449038--9845-Hz noiseT651MaleSymmetrical, mild sloping lossUnilateral (LE), tonal126042-Hz toneT758MaleSevere flat loss in RE, sloping loss in LEUnilateral (RE), tonal7412,000-Hz toneT849MaleSloping loss in RE (otosclerosis), normal in LEUnilateral (RE), tonal862500-Hz toneT955FemaleSloping loss in RE, deaf in LEUnilateral (LE), Tonal + Musical841230-Hz toneT1070FemaleFlat severe loss in RE, sloping loss in LEUnilateral (RE), tonal561429-Hz tone[^1][^2]

Stimuli {#sec4-2331216518821449}
-------

### Noninvasive electric stimulation {#sec5-2331216518821449}

[Figure 1](#fig1-2331216518821449){ref-type="fig"} shows a block diagram of the custom-made research interface for electric stimulus generation and control. A personal computer generated digital stimuli and controlled timing of stimulation. A sound card converted the digital signal into an analog signal. A current source converted the analog voltage stimulus into a constant current stimulus ([@bibr39-2331216518821449]). Either the experimenter or the subject could terminate electric stimulation by releasing a foot pedal connected to a safety switch. A transformer power supply (red circle and red lines) was used to isolate the subject from direct connection to the power line. An oscilloscope (green box and green line) was used to calibrate the equipment and monitor voltage delivered to the electrodes in real-time throughout the entire experiment. During calibration, before actual connection to the subject, a 1000-Ω resistor was connected to the output of the current source to ensure that the maximal output of the entire setup was exactly 2 mA and, under no circumstance, the current exceeded 2 mA. The 1000-Ω resistor was disconnected during the actual test session. Figure 1.The research interface for electric stimulation. The right panel shows a setup for noninvasive electric stimulation, in which a gold-plated tiptrode is inserted in the ear canal and a plate electrode is placed on the mastoid.

Electric stimulation was delivered to two electrodes, which could be a combination of the following three electrodes types, (a) silver chloride 2.3 × 3 cm plate (Natus Medical Inc., Pleasanton, CA), (b) gold cup (Natus Neurology-Grass, Warwick, RI), and (c) gold foil-wrapped-foam tiptrode (Etymotic ER3-26A, Elk Grove Village, IL). The example in the right panel of [Figure 1](#fig1-2331216518821449){ref-type="fig"} shows that electric stimulation was delivered to a gold-plated tiptrode inserted in the right ear canal and a plate electrode placed on the right mastoid. The stimulus was either a sinusoid or charge-balanced bi-phasic pulse train. The stimulus level varied from 0 to 2 mA or the maximal current that produced uncomfortable loudness or other sensations. The stimulus frequency varied from 10 to 10,000 Hz. The stimulus duration was 500 ms for initial psychophysical testing, namely finding threshold and uncomfortable loudness levels.

The psychophysical result was used to decide stimulus parameters for the tinnitus suppression experiment. If possible, the stimulus current was set individually to a level that was slightly softer than the tinnitus loudness; otherwise a 2-mA maximal level was used if the auditory percept was much softer than the tinnitus loudness or was even absent. Under no circumstance, did the stimulus current produce uncomfortable loudness or intolerable nonauditory side effects. The stimulus frequency included a 100-Hz low frequency, a mid frequency (300, 500, or 700 Hz), and a 5000-Hz high frequency. These frequencies were not matched to tinnitus pitch. Following previous tinnitus suppression protocols ([@bibr22-2331216518821449]; [@bibr26-2331216518821449]; [@bibr37-2331216518821449]), the present stimulus duration was 2 to 3 min in most test sessions, or up to 10 min if there was sufficient time in the test session. The intersession interval was 3 min or as long as needed until tinnitus returned to the baseline. In cases of extended residual inhibition longer than 30 min, the subject was released and instructed to report when tinnitus returned to the baseline. Stimulation was delivered to one of the following three sites, including (a) the tinnitus ear in unilateral cases, (b) the ear with more severe tinnitus in bilateral cases, or (c) both ears in bilateral cases by placing a tiptrode in each of the two ear canals (T1, T4, and T5).

### Minimally invasive electric stimulation {#sec6-2331216518821449}

Except for placing a ball electrode on the promontory or round window, the minimally invasive electric stimulation had an identical setup as the noninvasive stimulation. Due to time constraints, only 100- or 1000-Hz stimulation was used for tinnitus suppression. Stimulus duration varied from 3 to 10 min depending on time availability. [Figure 2(a)](#fig2-2331216518821449){ref-type="fig"} shows the experimental setup, where a subject sat comfortably in a reclining patient exam chair. Note the pedal connected to the safety switch underneath the subject's left foot. [Figure 2(b)](#fig2-2331216518821449){ref-type="fig"} shows a 1.5-mm myringotomy made in the tympanic membrane over the round window niche. The myringotomy was performed under local anesthesia by applying a thin film of phenol (Apdyne Inc., Denver, CO) to the posterior-inferior quadrant of the tympanic membrane. A platinum-iridium ball electrode (diameter = 0.5 mm) was slightly bent to access the promontory or round window (Medtronic Yingling Flex Tip electrode REF8225251, Minneapolis, MN). The Medtronic electrode contained a flexible platinum-iridium wire that was fully insulated up to the ball tip to prevent current shunting. [Figure 2(c)](#fig2-2331216518821449){ref-type="fig"} shows a customized head-mounted electrode holder that was modified from over-the-head or circumaural headphones and was used to keep the electrode steady and in close contact with the stimulation site during the experiment. The head-mounted electrode holder was placed on the subject, and the position, tension, and angle of the electrode holder was adjusted for comfort and access to the tympanic membrane, specifically the tympanostomy over the round window area. A 5-mm ear speculum (Welch Allyn Cat. No.52135, Skaneateles Falls, NY) was inserted into the ear canal and stabilized with hearing aid impression material (Audiologist's Choice Cat. No.01602, Chesterfield, MO) being applied to the concha and the cartilaginous part of the external ear canal around the speculum. The bent ball electrode was carefully placed through the tympanostomy and onto the promontory or round window membrane. In the round window case, the surgeon first identified the round window niche in the posterior-inferior quadrant of the tympanic membrane, then the tectulum or the round window overhang, and finally placed the electrode on the round window membrane under the tectulum with the aid of a microscope. Contact with the round window membrane was further confirmed by decreased and stable electrode impedance on the monitoring oscilloscope. At the end of the experiment, all materials were carefully removed by first pulling the electrode out of the middle ear, then disengaging the clamp holding the electrode to remove the electrode from the ear canal, and taking off the headphones. The impression material and speculum were removed afterwards. The tympanic membrane was patched using a standard technique of paper patch myringoplasty. Placement of a myringotomy in the office is a routine part of neurotology practice and is considered minimally invasive compared with other invasive operative procedures such as full middle ear exploration or cochlear implantation. None of the five subjects who underwent this minimally invasive protocol reported any adverse events or complications during and after the experiment. The tympanic membranes healed in all five subjects who had myringotomy. Figure 2.(a) The minimally invasive electric stimulation setup, where a subject is positioned in a reclining patient exam chair with her right ear being stimulated and her left foot stepping on a safety switch. (b) A myringotomy (arrow) allowing an electrode to pass through the tympanic membrane; the umbo is labeled (asterisk). (c) A custom-made head-mounted electrode holder that holds the electrode and also shows the speculum and impression materials.

### Procedures {#sec7-2331216518821449}

Before each test session, the subject was reminded that he or she could terminate electric stimulation at any time during the experiment by releasing the foot pedal connected to the safety switch. The subject first reported the baseline tinnitus loudness on a 0 to 10 scale, with 0 representing no tinnitus and 10 representing uncomfortable loudness. To study tinnitus suppression, the electric stimulus level was set at a loudness level that was 0 to 2 units below the tinnitus loudness ([@bibr26-2331216518821449]), or the setup's maximal level of 2 mA if the stimulus could not produce such a loudness level. The subject reported loudness estimates of both tinnitus and the stimulus at the onset of electric stimulation and every 30 s after that until the end of stimulation ([@bibr35-2331216518821449]). The subject continued to report tinnitus loudness at the offset of stimulation and every 30 s after that until tinnitus returned the baseline level. In situations where residual inhibition lasted longer than minutes or even hours, the subject was instructed to report via phone or e-mail the time when his or her tinnitus returned to the baseline level.

Results {#sec8-2331216518821449}
=======

Noninvasive Electric Stimulation (100 Hz) {#sec9-2331216518821449}
-----------------------------------------

[Figure 3](#fig3-2331216518821449){ref-type="fig"} shows the effect of 100-Hz sinusoidal electric stimulation on both stimulus and tinnitus loudness over a 2- to 5-min duration in four subjects and six conditions. Except for one condition in T4 (bottom-left panel) where cup electrodes were placed between left and right temple, all other conditions used at least one tiptrode inserted in the ear canal. First, note loudness responses to electric stimulation (blue triangles). Except for T1 who experienced a slight increase in loudness from 3 to 4 during electric stimulation, all other subjects experienced loudness adaptation, or total adaptation without even noticing stimulus offset (T3 and T4). Second, note the effect of electric stimulation on tinnitus (red circles). Two subjects (T1 and T3) reported no effect of electric stimulation on tinnitus. T2 experienced slight tinnitus suppression during a short period of electric stimulation but total tinnitus disappearance after stimulation (i.e., residual inhibition). In two electrode configurations (bottom-left panel and T4 bottom-middle panel), T4 experienced slight reduction in tinnitus loudness (1--2 units) during and after electric stimulation. In the third condition applying tiptrodes to both ear canals (bottom-right panel), T4 experienced the most ideal result using electric stimulation to treat tinnitus: Both tinnitus and stimulus totally disappeared 1 to 3 min after the stimulation onset, with tinnitus being totally suppressed during the remaining period of stimulation and even after stimulation (i.e., residual inhibition). Figure 3.Effect of low-frequency electric stimulation on stimulus and tinnitus perception in six conditions (panels) from four subjects (T1--T4). Perceived loudness (*y* axis) is plotted as a function of time (*x* axis) for both tinnitus (red circles connected by the solid red line) and stimulus (blue triangles connected by the dotted blue line). Cz indicates the top of the head location.RE = right ear; LE = left ear.

Noninvasive Electric Stimulation (300--700 Hz) {#sec10-2331216518821449}
----------------------------------------------

[Figure 4](#fig4-2331216518821449){ref-type="fig"} shows the effect of mid-frequency sinusoidal electric stimulation on both stimulus and tinnitus loudness over a time period of 2 to 5 min in four subjects. The subjects experienced either stimulus loudness adaptation (T1, T4, and T5) or no adaptation (T3), with nobody reporting loudness enhancement. Except for a slight *rebound* (T1) and *inhibition* (T5) at the stimulation offset, the mid-frequency electric stimulation had no effect on tinnitus. Figure 4.Effect of mid-frequency electric stimulation on stimulus and tinnitus perception in four subjects. T1 (top-left) and T4 (bottom-left) used 500-Hz sinusoidal stimulation, whereas T3 (top-right) used 700-Hz and T5 (bottom-right) used 300-Hz electric stimulation. Perceived loudness (*y* axis) is plotted as a function of time (*x* axis) for both tinnitus (red circles connected by the solid red line) and stimulus (blue triangles connected by the dotted blue line). Cz indicates the top of the head location.RE = right ear; LE = left ear.

Noninvasive Electric Stimulation (5000 Hz) {#sec11-2331216518821449}
------------------------------------------

[Figure 5](#fig5-2331216518821449){ref-type="fig"} shows the effect of 5000-Hz sinusoidal electric stimulation on both stimulus and tinnitus loudness over a 2 -or 3-min duration in four subjects. The subjects heard either a faint sound (T1) or nothing (T4--T6) during the 5000-Hz electric stimulation. In terms of its effect on tinnitus, two subjects (T1 and T5) reported no change in tinnitus, one subject (T4) reported slight decrease in tinnitus loudness (from 3 to 2.5), while the remaining subject (T6) experienced a significant decrease in tinnitus loudness (from 4.5 to 0.5) with residual inhibition lasting for another 3 min. Figure 5.Effect of high-frequency electric stimulation on stimulus and tinnitus perception in four subjects. Perceived loudness (*y* axis) is plotted as a function of time (*x* axis) for both tinnitus (red circles connected by the solid red line) and stimulus (blue triangles connected by the dotted blue line).RE = right ear; LE = left ear.

Minimally Invasive Electric Stimulation {#sec12-2331216518821449}
---------------------------------------

[Figure 6](#fig6-2331216518821449){ref-type="fig"} shows the effect of minimally invasive electric stimulation on both stimulus and tinnitus loudness in four subjects with unilateral hearing loss (T7--T10) and one subject with symmetrical sloping loss (T3). In T7, promontory electric stimulation did not produce any stimulus sensation or any change in tinnitus loudness, except for a slight decrease after the stimulus offset. However, T7 reported that electric stimulation made his tinnitus "less annoying and irritating." In the remaining four subjects (T8--10 and T3), round window stimulation was applied. T8 experienced total stimulus loudness adaptation 1.5 min after stimulus onset, and, at the same time, reported a slight decrease in tinnitus loudness, which quickly recovered to its usual value during the adaptation period of the stimulus and after electric stimulation. T9 did not show any stimulus loudness adaptation but reported total suppression of his tonal tinnitus component during the entire period of electric stimulation. However, this total suppression was likely a result of simultaneous auditory masking for three reasons. First, T9 matched the pitch of her tonal tinnitus to a pure tone of 1230 Hz, which was close to 1000 Hz of the electric stimulus frequency. Second, tinnitus loudness not only dropped to zero immediately at the stimulation onset but also recovered to its usual value immediately at the stimulation offset. Third, T9 reported that the 1000-Hz electric stimulation had no effect on the *musical* tinnitus component, which had a loudness rating of 4. T10 experienced the most ideal outcome. The electric stimulus totally adapted 2 min after the stimulation onset. The tinnitus loudness was zero during the first 2 min of stimulation, rebounded to half of its usual value at the moment of total stimulus adaptation, and gradually reduced to zero at the end of stimulation and afterwards. In addition, T10 reported 5 h of residual inhibition in response to 10-min round window electric stimulation. T3, the symmetrically impaired subject who did not experience any tinnitus reduction with noninvasive electric stimulation ([Figures 3](#fig3-2331216518821449){ref-type="fig"} and [4](#fig4-2331216518821449){ref-type="fig"}), reported significant tinnitus reduction in response to round window stimulation. Different from T10, T3 did not adapt to electric stimulation. Similar to T10, T3 reported gradual suppression of tinnitus during electric stimulation and total residual inhibition of tinnitus after electric stimulation. Surprisingly, much longer than T10's 5-h residual inhibition, T3's total residual inhibition lasted 20 h in response to 3-min round window stimulation. Figure 6.Effect of promontory (T7) and round window (T8--T10) electric stimulation on stimulus and tinnitus perception. Perceived loudness (*y* axis) is plotted as a function of time (*x* axis) for both tinnitus (red circles connected by the solid red line) and stimulus (blue triangles connected by the dotted blue line).

Discussion {#sec13-2331216518821449}
==========

For a total of 19 conditions in 10 tinnitus subjects ([Figures 3](#fig3-2331216518821449){ref-type="fig"} to [6](#fig6-2331216518821449){ref-type="fig"}), 12 conditions or 63% produced some degree of tinnitus reduction, 6 or 32% had no effect on tinnitus, and 1 or 5% increased tinnitus (T4 in [Figure 4](#fig4-2331216518821449){ref-type="fig"}). Here, we discuss the limitations of the present study, stimulation parameter and side-effect issues, potential mechanisms, and application of a systematic strategy for tinnitus treatment.

Limitations of the Present Study {#sec14-2331216518821449}
--------------------------------

The present study focused on the experimental design and feasibility of electric stimulation for tinnitus treatment but contained several significant limitations. The first limitation was the small sample size with 10 tinnitus subjects. The sample size limitation shall be overcome with increased subject enrollment as the present study continues. The second limitation was significant tinnitus heterogeneity, including subjects with unilateral or bilateral tinnitus, tonal or nontonal tinnitus, as well as normal hearing or hearing loss. The heterogeneity limitation may become a strength if we can relate tinnitus suppression efficacy to tinnitus type, hearing loss, and parameters of electric stimulation. Except for differential treatments applied to special tinnitus types such as pulsatile or somatic tinnitus ([@bibr12-2331216518821449]; [@bibr18-2331216518821449]; [@bibr19-2331216518821449]), there is little evidence for relating different treatments to different tinnitus laterality and tonality. The third limitation was nonsystematic testing of a large parametric space, depending on the subject's interest and availability in the study as well as the study's overall time and resource constraints. Although it is harder to overcome the third limitation than the first two, several strategies are laid out in the following section.

Large Parametric Space {#sec15-2331216518821449}
----------------------

The large parametric space includes electrode placement, electrode type, stimulus frequency, level, and duration. To systematically explore this large space, we needed to use five electrode placement sites (Mastoid, temple, ear canal, forehead, and top of the head), four electrode types (plate, cup, tiptrode, and ball), three frequencies (low, mid, and high), three levels (subthreshold, soft, and comfortable), and two durations (short and long). This combination would result in a total of 360 conditions (5 × 4 × 3 × 3 × 2) for a single subject. This large parametric space becomes even larger if additional electrode placement sites such as promontory and round window or additional stimuli such as amplitude-modulated waveforms are used to optimally suppress tinnitus. Although a literature search (PubMed with *tinnitus* and *electric stimulation* as key words on June 28, 2018) found 300 previous studies, none had systematically explored this large parametric space. Moving forward, we have to reduce the size of this parametric space with either empirical evidence or theoretical support. For example, the present preliminary data suggest the use of two frequencies at 100 and 5000 Hz ([Figures 3](#fig3-2331216518821449){ref-type="fig"} to [5](#fig5-2331216518821449){ref-type="fig"}). The present preliminary data are also in line with previous studies in favoring round window over promontory stimulation (e.g., [@bibr2-2331216518821449]). Theoretically, we need to identify electrical parameters that selectively activate the deafferented auditory nerve fibers.

Side Effects {#sec16-2331216518821449}
------------

There were significant and widespread side effects associated with electric stimulation. In the present study, electric stimulation evoked tactile sensation ranging from tingling and vibration to prick or even pain in all 10 subjects tested here. In some subjects, electric stimulation also evoked visual sensation, such as white flickers, and vestibular responses, and muscle activation ([@bibr45-2331216518821449]). In one particular case, T8 who had otosclerosis and received a stapes prosthesis, electric stimulation not only produced tingling and stinging sensations on the dermal electrode sites (i.e., ear canal and forehead), but also similar sensations on nonelectrode sites including the back of the head, back of the throat, and the ipsilateral side of the tongue, plus muscular contraction of the mid- and upper face. These sensations and movements are likely a result of activation of other cranial nerves such as the VII (facial), IX (glossopharyngeal), and XII (hypoglossal) nerves via low-impedance pathways associated with the more vascular bone and possibly large perforations in otosclerosis ([@bibr20-2331216518821449]). All of the presently observed side effects were directly related to electric stimulation because they were not present before stimulation and immediately disappeared after stimulation. Surprisingly, most previous studies ignored these side effects. For example, a similar transcutaneous electric stimulation study showed tinnitus reduction in 53% of 500 tinnitus subjects but did not report any of the currently observed side effects except for allergic reaction to gold-plated electrodes in two subjects ([@bibr33-2331216518821449]). Another study using a slightly different protocol with a silver electrode immersed inside a saline filled ear canal and a return electrode on the forehead reported pain sensation in 51% of 49 tinnitus subjects and 41% of 34 normal controls ([@bibr21-2331216518821449]). In a more severe case, off-label use of transcutaneous vagus nerve stimulation even produced temporary hearing loss ([@bibr7-2331216518821449]). To provide safe and effective treatment, we need to study all side effects systematically and optimize electric stimulation that minimizes the side effects.

Potential Mechanisms {#sec17-2331216518821449}
--------------------

Six subjects experienced total tinnitus reduction (T2 and T4 using the tiptrode-tiptrode stimulation in [Figure 3](#fig3-2331216518821449){ref-type="fig"}; T6 in [Figure 5](#fig5-2331216518821449){ref-type="fig"}; T9, T10, and T3 in [Figure 6](#fig6-2331216518821449){ref-type="fig"}). In T2's case, the total reduction was due to residual inhibition likely as a result of forward suppression of spontaneous firing in auditory neurons ([@bibr9-2331216518821449]). In T9's case, the total reduction was likely a result of masking because tinnitus dropped to zero immediately after the stimulus onset and recovered to its normal level immediately after the stimulus offset. In the four other cases, the total reduction was likely due to a central neural mechanism because tinnitus suppression not only took time to occur but also took time to disappear (e.g., [@bibr11-2331216518821449]; [@bibr24-2331216518821449]). A neural mechanism underlying tinnitus suppression also received support from continuous monitoring of the stimulus waveform throughout the experiment. [Figure 7](#fig7-2331216518821449){ref-type="fig"} shows identical stimulus waveforms (low panels) between the onset and the offset of the 10-min electric stimulation, suggesting that perceptual changes in both loudness adaptation and tinnitus suppression (upper panel, the same data as T10 in [Figure 6](#fig6-2331216518821449){ref-type="fig"}) are unrelated to any changes in physical stimulation but rather related to central changes in the nervous system. One possible mechanism is direct stimulus-induced neuroplasticity (e.g., [@bibr14-2331216518821449]; [@bibr41-2331216518821449]; [@bibr44-2331216518821449]) while another possible mechanism is indirect neuromodulation via vagus nerve stimulation (e.g., [@bibr8-2331216518821449]; [@bibr16-2331216518821449]; [@bibr34-2331216518821449]). At present we do not know the exact mechanisms, nor do we know whether the presently observed short-term tinnitus suppression can translate into a long-term tinnitus therapy. The present study is valuable in terms of its ability to provide immediate, albeit temporary, relief to those who suffer chronic and constant tinnitus. Figure 7.Loudness of tinnitus (red) and stimulus (blue) as a function of 10-min electric stimulation on round window (upper panel). Stimulus waveform at the onset (bottom-left panel) and the offset (bottom-right panel) of the electric stimulus.

A Systematic Treatment Strategy {#sec18-2331216518821449}
-------------------------------

Given the various degrees of hearing loss in tinnitus sufferers and the equally various degrees of effectiveness in tinnitus therapy, it is critical to develop a systematic approach to tinnitus treatment. To illustrate this point, we found that T5, who was not responsive to either mid- or high-frequency electric stimulation ([Figures 4](#fig4-2331216518821449){ref-type="fig"} and [5](#fig5-2331216518821449){ref-type="fig"}), actually responded effectively to pitch-matched sound stimulation ([@bibr26-2331216518821449]). T3 was another example of the need for a systematic treatment strategy, where the noninvasive electric stimulation was totally ineffective ([Figures 3](#fig3-2331216518821449){ref-type="fig"} and [6](#fig6-2331216518821449){ref-type="fig"}) but the minimally invasive stimulation produced not only immediate tinnitus suppression but also prolonged residual inhibition ([Figure 6](#fig6-2331216518821449){ref-type="fig"}). [Figure 8](#fig8-2331216518821449){ref-type="fig"} shows a potential treatment strategy that takes both hearing loss and tinnitus therapy effectiveness into account. Figure 8.A future tinnitus treatment strategy that analyses a tinnitus sufferer's hearing status and uses progressively more invasive stimulation dependent upon his or her response to the stimulation.

We envision that in the future, a tinnitus sufferer starts with hearing evaluation in this systematic protocol. If there is no functional hearing, then the person will go straight to the "invasive electric stimulation" intervention such as a cochlear implant to treat both deafness and tinnitus. If there is significant hearing, then the person will first try sound therapy or "acoustic stimulation" to evaluate its effectiveness. The person stays and ends with sound therapy if is *effective*, but if it is not, then he or she will try "noninvasive electric stimulation" by placing electrodes on the scalp or in the ear canal or the eardrum. Similarly, the person stays and ends with the noninvasive electric stimulation if it is effective, but if it is not, he or she will try "minimally invasive electric stimulation" by making a small myringotomy and placing an electrode on the promontory or round window. The person stays and ends with the minimally invasive electric stimulation if it is effective, but if it is still not, then he or she may consider invasive electric stimulation from cochlear implantation to vagus nerve or deep brain stimulation for the purpose of treating tinnitus. If a tinnitus sufferer indeed ends here, he or she needs to consider the balance between the benefit of tinnitus relief and the risk of surgery or losing hearing. At present, cochlear implantation is not applicable to tinnitus sufferers with normal hearing. The present strategy can be combined with other forms of treatment such as cognitive training and coordinated stimulation to produce a long-lasting effect and eventually find a cure for tinnitus ([@bibr4-2331216518821449]; [@bibr8-2331216518821449]; [@bibr10-2331216518821449]; [@bibr19-2331216518821449]; [@bibr36-2331216518821449]).

Conclusions {#sec19-2331216518821449}
===========

The present study investigated the short-term effect of a limited set of electric stimulation parameters on tinnitus in 10 adults with various types of chronic tinnitus. Six subjects showed nearly 100% tinnitus reduction in response to 2- to 10-min electric stimulation. However, the large electric stimulation parameter space was not systematically explored and significant side effects such as tactile or even pain sensations were encountered during electric stimulation. The present data were exploratory but suggested the need for customized stimulation for each individual tinnitus sufferer. The total and prolonged tinnitus suppression in two subjects (T3 and T10) further suggested that round window stimulation be further explored as a potential long-term solution. Stimulation optimization is required to translate electric stimulation into safe and effective treatment for tinnitus.
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[^1]: *Note.* Severity was measured using either Tinnitus Functional Index (\*) or Tinnitus Severity Index, with a scale from 0 indicating no tinnitus to 100 indicating the most severe tinnitus. T1 described three components in her tinnitus: (a) a high-pitched component that was always present, (b) a pulsing mid tone, and (c) a continuous low tone that was sometimes on and sometimes off. She could not perform tinnitus match because of hearing loss in both ears. T8 had previously unilateral mixed sloping hearing loss in the right ear and a history of right-sided tinnitus, which did not improve despite a successful right-sided stapedotomy with complete air-bone closure. T9 matched the dominant tonal component of her tinnitus in the deafened left ear to a 1230-Hz pure tone in the right ear. She also reported a second *musical* component in her tinnitus that sounded like a musical instrument without lyrics. Five subjects with the most severe degrees of tinnitus (T3, T7--T10) participated in the minimally invasive electric stimulation study.

[^2]: RE = right ear; LE = left ear.
